This paper is intended to evaluate whether the CEN CWA 15627 "Small Punch Test Method for Metallic Materials" has indeed succeeded in providing a stimulus for a wider implementation of the small punch test technique in industrial applications throughout Europe and indeed worldwide since its first publication in 2006. Significant research progress has been achieved, as strongly evidenced in three dedicated SSTT (Small Specimen Testing Techniques) conferences held in Europe over the last five years, but also in the wider literature. There has also been the recent publication of a Japanese standard and the announcement of parallel progress in China but the present paper concentrates on progress within Europe from the launch of the Code to the present day. In particular, attention is focused on the need for industrial acceptance of the test methodology and methods for evaluating the results where some scepticism still seems to prevail. Nevertheless the technique is still applied within the original remit for nuclear inspection, continues to be strongly considered for application in the conventional power generation sector judging from the extent of tests on power plant steels and shows interest in development for aerospace and next generation nuclear applications enhancing further the credibility of the Code.
INTRODUCTION
The residual lifetime assessment and potential for possible failure of in service components is a critical issue in the safety and reliability analysis of industrial plants, in particular for operating nuclear and conventional power stations and petrochemical plants which are approaching the end of their design lives. For decades, since those plants were built, several degradation processes may have potentially impaired the mechanical integrity of their structural components. At the time of construction, the design life was based on relatively simplistic codes endorsed by practical experience and finally adjusted by an appropriate safety factor. Indeed, in light of the major advances in metallurgical knowledge and currently available analytical methodologies, today it would be possible to reduce the safety factors and to thus extend design lives. In addition, the new policies for environmental protection and the safety regulations for industrial plants make it more practical and economically convenient to extend the lifetime of existing components beyond their original design life rather than to build new plants. However, major investment to modernize and make more efficient existing plants is only profitable if the plant under consideration has sufficient residual life. Hence, reducing the uncertainty in the estimation and monitoring of remaining life of plant components is of fundamental importance to industry. A component's residual lifetime can be rarely evaluated with the traditional and well-standardized mechanical test techniques, such as the uniaxial creep, the tensile test, the Charpy or the compact tension fracture toughness test, because there is usually insufficient material to sample non-invasively from the component. Hence, the need for evaluating the actual mechanical properties of structural components by direct testing methods has led to innovative techniques based on miniaturized specimens. Among these, a technique called the Small Punch (SP) test has emerged as a promising candidate. First introduced in the USA by Manahan et al (1981) and Foulds et al (1992) and in Japan by Mao and Takahashi (1987) , rd 
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Manchester, United Kingdom -August 10-14, 2015 Division II whereas Parker and James (1993) proposed its use for determining the creep properties of components operating at elevated temperatures. It has become to be more widely known in Europe in recent years. The SP test can be considered as effectively a non-destructive technique because of the very limited amount of material to be sampled, with the specimens being discs 0.25 -0.5 mm thick and 8 -10 mm diameter. It is an efficient and cost-effective technique and has the potential to enable measurement of the realistic material properties for the specific component, identifying the present state of damage and focusing on the more critical (highly stressed, more damaged) locations in the component. Acceptance of the use of the technique by plant operators is however another question. This creates a vicious circle, which is difficult to break, in that the low level of acceptance in turn causes the technique to have seen only limited use and therefore can hardly be validated. Promoting the use of the technique strongly depends on the usefulness of the test results for the industry. Both the test methodology and the interpretation of results can lead to doubts and only the imposition of a standard covering both testing and analysis will convince the potential users of the benefits of extensively employing the technique. As a first step, Since the launch of the Code of Practice an additional market has developed around the small punch testing method with a completely different purpose than the remanent lifetime evaluation originally envisaged. This centres on the specific ability of the technique to assess the mechanical integrity of small quantities of material as well as unique zones in materials. Materials development is usually an expensive and time consuming process, particularly when it comes to novel applications. The advantages in producing small quantities of different materials and being able to evaluate their creep, tensile and fracture behaviour thereby underpinning materials selection is clearly afforded by the small punch testing method. Examples of use of the method are becoming numerous within the aerospace industry where materials are needed to withstand demanding conditions such as extreme temperatures and higher loading in the need to improve engine efficiency and reliability. In such cases, not only can exotic monolithic materials, such as single crystals or directionally solidified alloys be studied but also small-scale deposition structures can be evaluated even down to their constituent layers. In the same way other zones of interest in components can be studied such as those making up a weldment or joint which can be crucial in determining the mechanical integrity in many components and applications, whether conventional or novel. Further, within the next generation fission and fusion nuclear industry there have been specific developments towards alloys constructed through the powder metallurgical route, again capable of withstanding exposure conditions not previously encountered in the conventional nuclear industry. Here, just as for aerospace materials the SP technique facilitates attention to be focused on important factors for engineering design, such as material anisotropy.
EXPERIENCE WITH APPLYING THE CODE OF PRACTICE FOR CREEP TESTING
The main elements of Section A of the Code which deals with Small Punch Creep Testing, cover the apparatus, the test-pieces, the test procedure and the crucial analysis element, which is intended to facilitate the interpretation of the test results. As far as the experimental apparatus is concerned the main recommendation is for all test laboratories to adopt a prescribed geometry based on a 2-2.5mm diameter hemispherical punch, a 4mm diameter receiving hole with a 45 o chamfered lip. The apparatus should also preferably allow for peripheral clamping of the disc test-piece. Finally all tests should be carried out in a protective argon gas atmosphere in order to avoid oxidation of the thin SP discs. For the test-pieces themselves there are clear guidelines as to the geometry (8mm diameter and 0.5 mm thick) and for the method of preparation involving grinding and polishing. The test procedure covers the stages of test-piece loading into the apparatus, inert gas flushing, heating and application of the load. The description of the apparatus as defined by the Code is given in Fig. 1 Zhao et al (2013) , Milicka and Dobes (2006) ); P24 weld metal by Sturm and Grum (2012) ; a welded P22 header steel by Tonti et al (2012) ; ODS steels by and Bruchhausen et al (2014) ; MCrAlY coatings by Chen et al (2013) ; chromium and low alloy steels by Singh et al (2014) and Nishioka et al (2010) ; Al-Al 4 C 3 by Dobes et al (2012) ; Fe-Al alloys by Dobes and Milicka (2010) ; Ti-Al alloys by Norton et al (2012) and ; repair welded IN718 alloys by Hurst et al (2013) and and finally nickel base turbine alloys by Cammi et al (2009) . All tests have been carried out in the range 200 o C to 900 o C and in nearly all cases the testing procedures outlined in the CoP have been accurately followed. Slight exceptions have occurred with regard to specimen dimensions, external diameters of 9.5mm and 10x10mm square specimens have been used but as would be expected and shown by Zhou et al (2010) providing the surface area outside the 4mm receiving hole is firmly clamped this should play no role. In their paper, Zhou et al studied both an austenitic and a ferritic steel and closely examined sensitivity to key test parameters and analysed these using FEM coupled with continuum damage models. Had they compared their results with the Code of Practice methodology this work could have been an extremely useful contribution towards validation. Some concern has been raised related to the choice of the large punch size of 2.5mm with a 4mm receiving hole although this is considered as the limit as the clearance should be substantially greater than the disc thickness otherwise the test would approach the conditions for a shear test and not a small punch bulge test according to Ule et al (2003) . Also disc thicknesses have not always been 0.5mm, Madia et al (2013) used 0.43mm and used 0.47mm. Some authors could only achieve a thickness tolerance of ±10µm compared to the recommended ±5µm. Where it is mentioned most authors confirm the use of a chamfer on the lower die with either 0. 2mm increase in diameter and a 45 o lip or a curved lip of 0.2mm radius as used by Kobayashi et al (2011) . The punch radius was always either 1.0 or 1.25 mm whether a solid punch or ceramic ball was utilized. A wide range of punches and ceramic balls has been utilized including tool steels, Nimonic alloys, single crystals, alumina and zirconia, depending on strength and temperature requirements (Fig.2) With regard to test procedure there appeared only to be a single author, Chen et al (2013) , testing in air rather than argon however the test material is a highly oxidation resistant coating and for relatively short term tests this could be considered acceptable but of course not ideal for inter-laboratory comparisons where the other laboratories might use argon. A number of authors have confirmed that these thin discs need to be taken to temperature relatively quickly but smoothly and for such low thermal mass disc the argon flow rate must also be controlled. Most laboratories recognize the problem of accurate measurement of the disc temperature and some apparatus configurations facilitate placing the thermocouple tip as close as possible to the test-piece, for example at the tip of the lower dilatometer push rod or through the upper die pushed against the clamped annulus. All laboratories seem to be now including a calibration procedure whereby a thermocouple is spot-welded to a dummy specimen and the relationship between the temperatures derived from this thermocouple compared to the measurement thermocouple is carefully determined. There is also agreement that the load definitely has to be applied in a smooth manner and most laboratories now use micrometer screws, pneumatic or hydraulic jacks to ensure a controlled and rapid transfer of load compared to the older approach of adding weights one after the other. In Japan, Nonaka (2009) and Komazaki (2009) have reported on the extensive experimental and analytical trials with a variety of dimensions of punchers but also of receiving holes and test-piece thickness and even test-piece size (7 -10mm) and shape (round or square). Their results show that the test load/stress ratio, F SP /σ, indeed increases with puncher diameter and disc thickness and decreases as the receiving hole increases, just as in the Code equation. The proposed route involving the von Mises equivalent stress at steady state looks extremely promising and a direct comparison with the Code equation is eagerly awaited when the JSMS test standard announced by Nonaka (2012) will be available.
Whereas the consensus concerning the experimental approach proposed in the Code of Practice is close to being reached, the most crucial aspect for the Code to be finalised and transformed into a testing standard concerns the evaluation of the results and as mentioned earlier in particular the interpretation of the stress equivalent to the load applied in the test in order that the plant designer/operator can be convinced. In the CoP, for this reason, an annex is supplied which details the approach adopted to lead to a recommended relationship between the test load and the comparable creep stress as: This relationship has been derived from stretching membrane theory but is clearly empirical in nature with the constant k SP being considered as an indication of the creep ductility of the material. This relationship has a double purpose. First of all it is to be used for calculating the appropriate loads to be used in the SPT creep test, usually based on some estimate of uniaxial behaviour of a particular material and secondly, and more importantly, for establishing the test stress from the SP test applied load facilitating the evaluation and acceptance of the test results. Results obtained in the author's laboratory by Blagoeva and Hurst (2009) around the time of publication of the Code of Practice showed how k SP values could be determined using the CoP relationship for a repair welded service exposed P91 steel component as shown in Fig. 3 . Such parameters were impossible to determine for individual constituents of the HAZ in a weldment because it is almost impossible to obtain specimens of sufficient size to carry out the necessary uniaxial creep programme of testing. Nevertheless, the relative performance of individual components of the weld microstructure ) can be interpreted from Fig. 4 . Similar conclusions as to the usefulness of the SP technique for comparing the creep resistance of the zones of a P92 weldment were Figure 4 Relative performance of individual components of a weld microstructure for P91 weldment recently drawn by Kobayashi et al (2010) . Even more recently, Zhao (2013) has applied the Code of Practice to P92 weldments revealing k SP values of 1.035 and 0.977 for the Base metal and Weld metal respectively and taking this further to estimate the yield strengths for the weld zones with the fine grained zone proposed as the weakest just as in Figure 4 and thus the most susceptible to Type IV cracking in a welded plant component. In order to extend the usefulness of the SP creep data on heat affected zones, (2012) have derived an unusual value for k SP of 0.5 . A similar value below unity (0.6) has been found by Norton et al (2012) for a brittle γTiAl intermetallic alloy but importantly the SP load and uniaxial stress values do not lie parallel to each other when plotted as in Fig. 5a . Hence the value found for k SP is only really valid about the crossover points in the curves and is useful for setting up the test matrix but is not applicable for analyzing the results of the tests. The authors have recognized this and developed their own empirical relationship between SP load and equivalent uniaxial stress in a simplified way as SP Load = 36.167σ 0.333 . Also they observed a completely different type of failure in these tests on a relatively brittle material as shown in Fig. 5b . The SP disc does not fail by circumferential cracking in the weakest position consistent with membrane stretching but relatively early in the test by star type cracking directly above the punch. Finite element analysis of the evolution of the stresses within the disc early in the test show high maximum principal stresses at the beginning of the test and it is therefore possible that for a brittle material these stresses can lead to star type fractures. The final fractures in such cases have little to do with membrane stretching and it is possible that the applied loads can be resisted even though the disc appears to be severely cracked because there is no thinning around the circumference where stretching would have been predicted for a ductile material. A similar situation is revealed during the testing of newly developed γTiAl alloys by where again star-type cracking is observed, Fig. 6 (2010) and Ma et al (2009) along with the 'General' strain approach by Hyde et al (2014) . A new evaluation scheme based on the deflection curves from individual tests by Gulcimen and Haehner (2013) was expected to give a better explanation for the evolution of effective stresses both in the early stages of the test where bending and pronounced initial yielding occurred but also during pronounced thinning, however, according to the authors, the small difference between the results derived from this method for the zones of a P91 weldment compared to the CoP results are indicative of other factors such as possibly strain hardening which should be introduced into their effective stress based methodology.
Other approaches usually involving FEA have concentrated on effective stress values and even Reference Stress as reported by Rouse et al (2013) in a very recent and thorough review, although the Reference stress concept does not fit well with the remarkable shape changes which occur in the SP test. With regard to the material model to be selected for FEA analysis with relevance to their application in the membrane stretching theory used in the Code of Practice, different options to the Norton Law such as a unified Chaboche-type, a two layer visco-plastic and a Kachanov-Rabotnov damage model have been applied in different laboratories. The idea of the physical based model is to provide an alternative to k SP , which is purely empirical, and possibly both load and material dependent. FEA analysis has been used by to contribute to the understanding of the roles of punch/disc contact and friction during the SP creep test as also Dymacek et al (2010) and Hyde et al (2012) . The latter authors rightly express concern that coefficients of friction, although difficult to determine at elevated temperatures, are not introduced into the relationship between SP load and uniaxial stress in the Code of Practice.
This dilemma concerning the relationship between SP load and equivalent uniaxial stress also applies to anisotropic materials, such as for the ODS alloy MA956 of where the SP test could not be applied to determine the maximum strength as given by the material's manufacturer because of the biaxial stress applied in such a test. The SP test on a disc with strong grain orientation only gains partially from the high strength longitudinal properties as shown in Fig. 7 . In more recent work on a 14Cr ODS steel under development for next generation nuclear reactor applications Bruchhausen et al (2014) found inferior creep behavior compared to MA956 using a Larson-Miller plot. However they again demonstrated the clear effect of SP disc orientation and the non-applicability of the Code's k SP approach, and suggested that minimum deflection rates would show less scatter than stress rupture results. In spite of the fact that equivalent uniaxial stresses cannot be derived for anisotropic materials, just as for Heat Affected Zones, the SP test will be useful for ranking materials such as those developed in small quantities on a laboratory scale for advanced applications. 
PROPOSALS FOR IMPROVEMENT OF THE SP CREEP CODE (PART A) AND FURTHER SUPPORT WORK
In addition to corrections of typographical errors, particularly in Annex A1, there are some specific changes, which could be introduced due to the consensus already reached amongst those using the Code of Practice. The following items should be considered as agreed or likely to meet agreement: 1. The use of a ceramic ball is no longer "not recommended" (to be corrected in CoP 3.1) 2. A square shaped disc can be used when fully clamped providing its dimensions are greater than 8mmx8mm (to be added to 4.1) 3. The disc thickness may lie in the range 0.45 -0.55mm and the actual thickness be reported 4. In order that the deformed disc can travel through the receiving hole it is recommended to introduce a statement that D must be greater than 2r +2h 0 (in 3.1) 5. The chamfer can be at 45 0 with dimensions 0.2mm x 0.2mm or curved with a radius of 0.2mm (correct 3.1) 6. The dimension of the receiving hole (diameter D) may need redefining as D+0.4mm with a decision required in view of the consequences for the equation in 5.2 7. The correction factor of 20% for clamped/unclamped load may need to be corrected in 5.2 when consensus is agreed after further work (see below) 8. Punch velocities should probably given in mm/min as well as m/s in both part A and Part B Table1's and a decision made to use V or v 9. The stress units changed to MPa in Table 1 10. The disc should be finally finished with 1200 grit 11. The thickness tolerances should be equal for Part A and Part B or explained if they are different 12. An inspection of the puncher or ceramic ball should take place prior to each test and the puncher or ball replaced if changed by ±1% in diameter 13. Elevated temperature tensile testing will only fall under the CoP Part B with some appropriate modification and improvements recognizing the special requirements needed for the higher temperature ranges up to 1200 0 C There are a number of items where further discussion and work is required, in particular those identified above with regard to confirming a suitable relationship between the SP load and the equivalent stress in a uniaxial test. In addition it may be useful to carry out some round robin validation testing to confirm the applicability of the test methodology to a range of materials. It is important to confirm that the analysis involving Chakrabarty equations only applies to ductile creep failure evidenced through circumferential cracking at the weakest position. The occurrence of cracking directly under the punch and resulting in a so called star fracture is no doubt unrelated to the stretching failure model and a companion analysis route for relating SP load to uniaxial stress should be given in the CoP . Further, taking into account that this cracking may initiate during the early highly loaded part of the test it may also be necessary to prescribe test methods that avoid the high bending loads and any such changes will have to be introduced into the test methodology. In order to resolve as many of the above-mentioned uncertainties for incorporation into the CoP (PartA Creep) there is no doubt that a coordinated joint programme of work had to be launched in order to transform the final CoP into a European or ISO standard.
EXPERIENCE WITH APPLYING THE CODE OF PRACTICE FOR TENSILE AND FRACTURE TESTING
The main elements of Part B of the CEN Code (2007) Kasiviswanathan et al (2012) . Disc shape test specimens with d = 8 mm in diameter and initial thickness of h 0 = 0.5 mm are recommended for both the SP Bulge and SP Drawing tests. This thickness of 0.5 mm is intended to assure the number of grains through the thickness is adequate to permit bulk properties to be obtained. As far as the experimental apparatus is concerned a screw-driven testing machine is usually used for SP tests. It is equipped with a test rig for holding and loading the test specimen and with a load and displacement/deflection measuring system. The testing rig with a 4 mm diameter receiving hole with a 0.2 mm x 45 degree chamfered lip and hemispherical tipped punch, 2,5 mm in diameter are recommended. However Frialit ceramic balls with radius r = 1 mm or 1, 25 mm may be used for determination of tensile properties at elevated temperatures. SP tests at temperatures ranging from -196°C up to 450°C may be carried out in air but at higher temperatures and for easily oxidised materials an inert environment is envisaged.. The method of temperature measurement must be sufficiently sensitive and reliable to ensure that the temperature of the specimen is within ± 3 K of the planned test temperature. The objective of the test is to produce a load-displacement (punch/, crosshead displacement or specimen deflection)) record (see Fig. 9 ) which contains information about the elastic-plastic deformation and strength properties of the material. A displacement rate of the punch in the range between 0.2 to 2 mm/min. is recommended. The following SP related parameters are used for determination of YS, UTS, FATT and fracture toughness J IC from such a load -displacement curve: The load -displacement curves obtained can be utilised to derive empirical correlations between SP and standardised test results [46] [47] [48] [49] [50] [51] [52] [53] or they can be analysed in terms of elastic-plastic finite element methods [54] [55] [56] [57] [58] [59] . Both of the above mentioned approaches are used at the present time for determination of YS, UTS and J IC . However, ductile-brittle transition temperature (DBTT) measured by FATT and/or 41J absorbed energy TT is determined only using empirical correlations given in Gulcimen at al (2013), Kobayashi et al (2010) , Parker et al (1989) , Eto et al (1993) , and Foulds and Viswanathan (1994) .
Determination of actual Yield Strength and Tensile Strength on the basis of empirical correlations.
Empirical correlations for the determination of the yield stress from the results of SP tests are usually expressed as the dependences of the yield stress on the parameter F e /(h 0 ) 2 according to Song et al (2012) , Shah and Chatterjee (2006) , Purmensky and Matocha ((2009), Kundan et al (2006) and Cueste and Alegre (2012) because this parameter eliminates any differences in disc specimen thicknesses on load F e as stated by Hurst and Matocha (2012) . Similarly, the authors show that determination of ultimate tensile strength (UTS) from the results of SP tests is usually expressed as the dependence on the parameter F m /(u m . h 0 ) because it eliminates any differences in disc specimen thicknesses on F m and u m . Figures 9 and 10 show the empirical correlations obtained by Matocha (2012) for 14MoV6-3 steel tubes in as received state together with the results obtained on steam pipes made of the steel after long term operation at 540°C. Disc test specimens 8 mm in diameter and 0.5 mm in thickness were oriented in R-L direction (simulating removal of testing material by the scoop cutter sampling technology proposed by Parker et al (1989) ). It is evident that the empirical correlations obtained for the steel in as received state are also valid for the determination of actual tensile properties after long term operation. Use of the offset method (offset displacement of 0.1 mm) for determination of F e , instead of the procedure described in the Code (two tangents method) resulted in lowering of scatter band of the empirical correlation (see Fig. 10 ). In this case F e represents the point in the load -displacement curve where fully plastic behaviour takes over from mixed elastic-plastic behaviour (see Fig.11 ). For this steel exhibiting a sharp yield point the empirical correlation for determination of tensile strength shows a significantly lower scatter band (Fig.12) in comparison with correlations for yield strength determination. 
Determination of the DBTT Value from SP Testing
Empirical correlations for DBTT estimation are based on the fact that steels exhibiting standard Charpy impact ductile to brittle transition behaviour also show the transition behaviour in the temperature dependence of fracture energy of the small punch tests, but shifted to a lower temperature as found by Eto et al (1993) , Foulds and Viswanathan (1994) , Bulloch (1998) , Matocha et al (2007) , Suzuki et al (1993) and Petzova et al (2012) . The fracture energy of the small punch test is calculated from the area under the load -displacement curve until the specimen failure (punch displacement of u f ). According to the CEN Code (2007) the Small Punch transition temperature T SP is defined as the temperature corresponding to half of the sum of the maximum and minimum fracture energy calculated by the method of least squares from the temperature dependence of fracture energy derived from the experimentally measured data in transition areas. Transition temperature T SP , measured in a series of SP tests typically ranging from -193°C to laboratory temperature such as obtained by Matocha et al (2012) and is correlated with the DBTT determined from a series of Charpy V impact tests in the form:
where T SP and DBTT are in degrees K and α, β are constants. The transition temperature T SP and thus the empirical correlation DBTT vs. T SP can be affected by the following factors according to Hurst and Matocha (2012) , Turba et al (2011) , Bulloch (1998) , Matocha et al (2012) , Li and Vulpen (2012) and Gai et al (2002) : 1) type and condition of the material, 2) orientation of the disc test specimen, 3) punch tip diameter, 4) microstructure inhomogeneity, 5)
use of notched disc test specimens, 6) method used for the determination of SP fracture energy E SP 7) loading rate The empirical correlations for DBTT are not only dependent on the type and of material but also its condition. This allows the SP test to be a useful tool in the assessment of long-term degradation in plant components. For example Fig. 13 shows the shift in transition temperature for an irradiated RPV steel as measured by the SP test. This result was obtained in a materials testing reactor but the same trend has been observed in power reactor surveillance specimens by Brezina et al (2014) . According to the Code of rd Conference on Structural Mechanics in Reactor Technology Manchester, United Kingdom -August 10-14, 2015 Division II Pracice, the SP test orientation is such that the normal to the punch disc plane is parallel to Charpy specimen crack propagation directions. Figure 14 from Hurst and Matocha (2012) shows the effect of orientation of the disc on transition temperature T SP determined from the temperature dependence of fracture energy E SP for discs taken in the direction T-L (in accordance with CWA 15627) and discs taken from a 14MoV6-3 steel pipe ø219x16 mm by SSam TM -2 in the R-L orientation. The results of SP tests indicate significant effect of test specimen orientation on the temperature dependence of fracture energy mainly in the transition area. Figure 13 Temperature shift of the SPT energy Figure 14 Effect of orientation of test disc on T SP curves for RPV materials due to irradiation determined for 14MoV6-3 service exposed pipe steel Figure 15 displays the effect of punch tip diameter (2.0 mm, 2.5 mm) on the temperature dependence of fracture energy of the steam piping made of 14MoV6-3 steel in as received state. The results show that in the transition region the temperature dependence of fracture energy and hence transition temperature T SP is not affected significantly by punch tip diameter. Figure 16 presents the temperature dependence of fracture energy obtained for cast P91 steel plate.. It is evident that temperature dependence of fracture energy E SP in the transition region shows considerable scatter covering the range the T SP from 142K to 154K, which may be attributable to the local inhomogeneity of the structure (grain size, microstructure) typical for castings. In such cases the SP test characterizes the local properties of the material unlike the Charpy V notch impact test, which characterizes bulk properties. The principal difference between the SP testing technique and standardized impact testing lies in the fact that the SP tests carried out in accordance with the Code use test specimens without a notch. Especially in tough materials, the temperature dependence of fracture energy in the transition area is very steep and lies close to the temperature of liquid nitrogen. The procedure recommended in the CWA for the determination of T SP could in this cases lead to significant errors in its determination. Efforts to move the 23 rd Conference on Structural Mechanics in Reactor Technology Manchester, United Kingdom -August 10-14, 2015 Division II transition area of penetration testing closer to the transition area of standardized impact tests led to the proposal of the notched disc specimen. Only very few authors have introduced a notch in small punch testing, mostly in relatively recent studies as Lacalle et al (2010) , Turba et al (2011 ), Matocha (2014 , Adams et al (2015) and Ju et al ((2003) . Figure 17 shows disc test specimens with a 0.2 mm deep "U" shaped notch and a 50µm deep scratched cross. Whereas one series of results on a different steel by Matocha (2014) , showed evidence of a shift in DBTT to higher temperatures, no significant shift was noted for a notched RPV steel by Adams et al (2015) ( Fig. 18) .
Figure 17 SP test specimens with diametral "U" notch and scratched cross Figure 18 Ductile-brittle transition curves for plane and notched RPV steel discs When the SP tests are carried out at low temperatures, sudden drops in force, on the force-punch displacement record, have been reported by Hurst and Matocha (2012) , and Matocha (2014) . Photographic scanning of the sample surface during the SP test has shown that the occurrence of the first force drop is due to the initiation of the first circular cracks (see Fig. 19 ). In such cases, it is reasonable to propose that the fracture energy should be calculated as the area under the force-punch displacement until the first crack initiation and not until a drop of 20% in load as given in the Code of Practice. Fig. 20 shows an example of the comparison of small punch transition temperature T SP determined in accordance with the Code and from the energy for the initiation of the first crack. 
Determination of Fracture Toughness
There are mainly three approaches in the Code of Practice to estimate the material fracture toughness (K IC and J IC ) by small punch tests. Ø Two-step method of determination of K IC . Ø a correlation between T SP and FATT Ø traditional correlation between FATT and K IC Scatter bound using this method reported by Foulds et al (1995) to be about 50% Ø Empirical correlations from SP tests. Ø In the ductile case the linear correlation between J IC and effective fracture strain ε f = ln(h 0 /h f ) in the form J IC = k . ε f -J 0 , where k and J 0 are empirically determined constants.
Ø
In the elastic case K IC was proposed by Ha and Fleury (1998) to be related to the small punch fracture stress σ f SP by the equation K IC = C. (σ f SP ) 2/3 where C is an empirically determined constant Ø EPRI-FAA "Innovative Approach"
The simple linear relationship between fracture toughness and effective fracture strain, ε f , has been reported by several authors including Konopic et al (2013) , by Shah and Chatterjee (2006) , Guan et al (2011), Dzugan and Konopic (2010) and Konopic and dzugan (2010) . Each of the authors, however, derived their own empirical correlation. It is nevertheless evident that effective fracture deformation is significantly affected by the thickness and diameter of the SP disc, by the punch tip diameter and by the dimensions of the test rig including the chamfer edge of the receiving die. Figure 21 below displays the dependence of fracture toughness, expressed by J 0,2BL , (size insensitive fracture resistance J at 0.2 mm stable crack extension offset from the construction line in accordance with ISO 12135) vs. effective fracture strain obtained at laboratory temperature for five ferritic steels in the as received state. The final thickness adjacent to the area of failure was measured using a scanning electron microscope.
In another interesting correlation, Rodriguez et al (2012) relate the fracture toughness with the area below the SPT curve until the maximum load W max. . Local approach was introduced by and Li and Vulpen (2012) to determine ductile fracture toughness from the small punch tests by means of micromechanical model introduced by Gurson and modified by Needleman and Tvergaard. New methods based on the use of notched SP samples were also introduced by Lacalle et al (2010) , by Ju etal (2003) , by Garcia et al (2012) and by Lacalle et al (2012) for determination of fracture toughness. rd Conference on Structural Mechanics in Reactor Technology Manchester, United Kingdom -August 10-14, 2015 Division II Figure 21 The dependence of fracture toughness, expressed by J 0,2BL , vs. effective fracture strain obtained at RT for five ferritic steels in as received state (punch tip diameter 2.0 mm)
The EPRI-FAA Innovative Approach and finite elements methods recommended by the Code and developed intensively in the last decade, seem to be the preferred methods used for the evaluation of tensile and fracture parameters of the materials from small punch test results. They will gradually replace the methods based on empirical correlations.
PROPOSALS FOR IMPROVEMENT OF THE SP TENSILE AND FRACTURE CODE (PART B) AND FURTHER SUPPORT WORK
1) SP shear test should be included into the chapter 6 Test procedure.
2)
The use of the offset method should replace the two tangent method (7.1) used for the determination of F e .
3)
The SP fracture energy (7.2) should be defined by the area under the load displacement curve to the initiation of the first cracks.
4)
The orientation of SP test specimen described in B1.3 is not suitable for the estimation of actual values of FATT of in-service components and must be changed.
5)
Empirical correlation for FATT estimation (B1.3) can be expressed in the form T SP = α DBTT. or = α DBTT + β.
6)
The empirical correlation for determination of material yield strength from the results of SP tests should be expressed as a dependence of yield strength on F e / (h 0 ) 2 because the parameter F e /(h 0 ) 2 eliminates any differences in disc specimen thicknesses on load F e . 7)
The empirical correlation for estimation of material tensile strength from the results of SP tests should be expressed as a dependence of tensile strength on F m / (u m . h 0 ) because the parameter F m /(u m .h 0 ) eliminates any differences in disc specimen thicknesses on F m and u m . 8)
The use of notched disc specimens should be included in the Code for determination of DBTT and fracture toughness. Although further experimental work is necessary to focus on optimizing the shape of notched disc specimen. 9)
High temperature tensile testing up to ~ 1000°C should be included in Part B of CWA 15627. It may require significant changes in test methodology such as: Ø at test temperatures ≥ 450°C SP tests shall be carried out in inert gas, Ø design of furnace, environmental chamber and of testing rig must ensure rapid heat up, Ø suitable material must be used for manufacture of the components of the testing rig Ø metallic punchers may need to be replaced by machined ceramic punchers.
